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Infected cells recognize viral replication as a DNA damage stress and elicit a DNA damage response that
ultimately induces apoptosis as part of host immune surveillance. Here, we demonstrate a novel mechanism
where the murine gamma herpesvirus 68 (�HV68) latency-associated, anti-interferon M2 protein inhibits DNA
damage-induced apoptosis by interacting with the DDB1/COP9/cullin repair complex and the ATM DNA
damage signal transducer. M2 expression constitutively induced DDB1 nuclear localization and ATM kinase
activation in the absence of DNA damage. Activated ATM subsequently induced Chk activation and p53
phosphorylation and stabilization without eliciting H2AX phosphorylation and MRN recruitment to foci upon
DNA damage. Consequently, M2 expression inhibited DNA repair, rendered cells resistant to DNA damage-
induced apoptosis, and induced a G1 cell cycle arrest. Our results suggest that �HV68 M2 blocks apoptosis-
mediated intracellular innate immunity, which might ultimately contribute to its role in latent infection.

DNA damage poses a continuous threat to genomic integrity
in mammalian cells. To cope, cells have evolved an elaborate
network of sensor, transducer, and effector proteins that coor-
dinate cell cycle progression with the repair of the initiating
DNA lesion (4, 31, 34). This decisive signaling network in-
cludes ATM (ataxia telangiectasia mutated) and ATR (ataxia
telangiectasia and Rad3 related), which transduce the DNA
damage signal, and the effector UV-DDB (UV-damaged DNA
binding protein complex), which elicits a DNA repair response.

In undamaged cells, ATM resides as a catalytically inactive
dimer or higher-order multimer (4, 25). DNA damage triggers
auto- or transphosphorylation of the serine residue at position
1981 (Ser1981) in the ATM polypeptide, which leads to the
dissociation of inactive ATM complexes into catalytically ac-
tive ATM monomers (4). Subsequently, ATM signals a check-
point involving the MRN (Mre11-Rad50-Nbs1) complex (25)
and initiates DNA repair by rapidly phosphorylating the his-
tone variant H2AX (6, 15, 52). The phosphorylated H2AX, or
�-H2AX, forms “foci” at double-strand breaks (DSBs) by lo-
calizing adjacent to the break as well as at distal genomic loci
up to 50 kb away (13, 50, 51). The formation of �-H2AX foci
is believed to promote effective repair by aiding in the accu-
mulation of checkpoint adaptor proteins and the recruitment
of DNA repair machinery such as Brca1 and 53BP1 to damage
sites (33, 35, 54).

In response to DNA damage, activated ATM signals either
a cell cycle arrest or apoptosis by inducing the phosphorylation
and activation of the downstream serine/threonine kinases,
Chk1, and Chk2 (7, 9, 30, 55). The ATM and Chk kinases

subsequently phosphorylate p53 at residues serine 15 and 20 in
the N terminus, which results in p53 stabilization. Activated
p53 then propagates the signal to arrest or undergo apoptosis
depending on cell type and extent of the damage.

In addition to ATM-mediated DNA damage signal trans-
duction, numerous DNA repair systems have been evolved,
including nucleotide excision repair (NER), which is a versatile
DNA repair pathway that eliminates a wide variety of helix-
distorting base lesions. NER operates via two pathways, global
genome repair and transcription-coupled repair. Global genome
repair repairs DNA damage throughout the entire genome,
whereas transcription-coupled repair removes DNA lesions
specially from the template strand of actively transcribed
genes, resulting in more rapid removal of lesions (18, 43, 47).
Impaired NER activity is associated with several rare autoso-
mal recessive disorders in humans, including xeroderma pig-
mentosum and Cockayne syndrome (44). UV-DDB is a het-
erodimer complex consisting of either Cockayne syndrome
gene A (CSA, p48) or DDB2 (p48) existing in nearly identical
complexes via interaction with DDB1 (p127) (17, 57). Both
complexes contain the COP9 signalosome (CSN), cullin, SKP1,
and Roc1 and display ubiquitin ligase activity differentially
regulated by CSN, involved in diverse mechanisms of NER in
response to UV (17).

Viral assaults upon the host cell inevitably induce innate
antiviral responses designed to prevent completion of the virus
life cycle and spread of the infection. Virus replication presents
the host cells with large amounts of exogenous genetic mate-
rial, including DNA ends and unusual structures. Thus, in-
fected cells recognize viral replication as a DNA damage stress
and elicit DNA damage signal transduction, which ultimately
induces apoptosis as part of host immune surveillance (2, 5, 11,
60). Viruses have evolved a variety of mechanisms to counter-
act this host innate immune control. In fact, several viruses
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deregulate DNA damage response signaling to facilitate their
propagation and persistent infection. For example, paramyxo-
virus (3, 29, 49) and hepatitis B virus (26) target the DDB
complex to avoid host immune attack, and other viruses such
as human immunodeficiency virus type 1 (60), herpes simplex
virus type 1 (HSV-1) (2, 38, 45), and human cytomegalovirus
(37) can activate and exploit a cellular DNA damage response,
which aids viral replication. Finally, adenovirus blocks ATM
signaling and concatemer formation through targeting the
DNA repair complex of MRN for degradation and mislocal-
ization (40).

Herpesviruses persist in their hosts by establishing latent
infections and periodically reactivating to produce infectious
virus. Gammaherpesviruses (�-herpesviruses) can establish
lifelong latency within lymphocytes and are associated with the
development of lymphomas and other cancers (59). Murine
�-herpesvirus 68 (�HV68) is closely related to the primate
�2-herpesviruses, Kaposi’s sarcoma-associated herpesvirus,
herpesvirus saimiri, and rhesus rhadinovirus (14, 53). Because
of the presence of lytic replication, infection by �HV68 in mice
can provide a genetically tractable animal model for the study
of �-herpesvirus pathogenesis (42). The analysis of �HV68
gene expression has defined four unique open reading frames,
M1, M2, M3, and M4, in the left end of the genome, which do
not share homology with other �-herpesviruses (53). Of par-
ticular interest is the M2 protein, which was identified as a
latency-associated gene and a target for the host cytotoxic
T-lymphocyte response (20). M2 expression has been detected
within most latently infected cells (19, 39) and in fibroblast
cells upon lytic replication (21). The loss of the M2 gene does
not affect the ability of �HV68 to replicate in culture, nor does
it affect the acute phase of viral replication in mice following
intranasal inoculation (19, 21). However, M2 mutant viruses
exhibit a significant decrease in the establishment of latency
and reactivation from latency, suggesting that M2 has an im-
portant role in viral latent infection (19, 21). Recently, we have
shown that M2 effectively induces the downregulation of
STAT1 and/or STAT2, resulting in the inhibition of type I and
II interferon (IFN)-mediated transcriptional activation, indi-
cating that �HV68 M2 antagonizes the IFN-mediated response
that is the major form of host innate immunity (27). Here we
report that M2 interacts with and deregulates the cellular
DDB1/COP9/cullin-based ubiquitin ligase complex as well as
interacting with ATM to escape apoptosis. These results sug-
gest that �HV68 harbors M2 latent protein in order to impede
both IFN- and apoptosis-mediated host innate immunities that
might ultimately contribute to the establishment and mainte-
nance of latent infection.

MATERIALS AND METHODS

Cell culture, plasmids, and transfection. All cell lines were grown in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin (Gibco-BRL). Expression vectors encod-
ing M2, glutathione S-transferase (GST)–M2 fusion, and their mutants have
been previously described (27). Lipofectamine 2000H (Invitrogen) was used for
transfection in mouse embryo fibroblasts (MEFs) and NIH 3T3 cells. Calcium
phosphate precipitation (Clontech) was used for transfection into 293T cells.
Cells stably expressing M2 or its mutants were selected and maintained in the
presence of puromycin (2 �g/ml).

Protein purification, GST pull-down assay, and immunoprecipitation. Protein
purification and mass spectrometry analysis of M2 binding proteins have been

previously described (27). For M2-DDB1 binding assays, cell extracts were pre-
pared and immunoprecipitations were performed as previously described (27).

Cell cycle analysis and immunofluorescence. NIH 3T3 cells stably expressing
wild-type (wt) or mutant M2 were treated with 20 �M etoposide (Sigma) for
indicated times, trypsinized, and fixed in 70% ethanol for 4 h, followed by
staining in propidium iodide (PI) solution (0.1% Triton X-100, 2 mg RNase A,
20 �g/ml PI) at 37°C for 15 min. Immunofluorescent staining was performed as
previously described (27). Antibodies used in this study are AU1 (Bethyl Labo-
ratory), Flag (Sigma, St. Louis, Mo.), p53 (Santa Cruz Biotech, Santa Cruz,
Calif.), DDB1 (Zymed), �-H2A (Cell Signaling), or Topro-3 (Molecular Probes,
Oregon) for nucleus. Bound antibody was detected using immunoglobulin con-
jugated to Alexa Fluor 488 or 568 (Molecular Probes) at 1:2,000. Images were
obtained using a Leica TCSSP confocal microscope.

RPA. Total RNA was isolated from the cells using TRIzol reagent (Invitro-
gen). In vitro transcription and RNase protection assays (RPAs) were performed
according to the manufacturer’s instructions (BD Biosciences). Multiprobe tem-
plate sets were purchased from BD Biosciences. The housekeeping gene probe
L32 and glyceraldehyde-3-phosphate dehydrogenase were included for normal-
ization.

Detection of UV-damaged DNA. Cells grown on four-well chamber slides were
UV treated with 2.5 J/m2 and recovered at the indicated times. Damaged DNA
was detected by in situ immunofluorescence staining with specific anti-UV single-
stranded DNA (ssDNA) antibody according to the manufacturer’s instructions
(Trevigen).

Alkaline comet assay. wt MEFs were plated at 1 � 105 cells/well of a six-well
plate. The following day, cells were UV treated with 5,000 J/m2. After 30 min,
cells were collected, washed in phosphate-buffered saline, embedded in low-
melting-point agarose, aliquoted onto microscope slides, and processed accord-
ing to the manufacturer’s instructions (Trevigen). Briefly, cells were lysed in a
high-salt solution for 30 min and then chromosomal DNA was unwound in an
alkaline solution for 45 min in the dark. Samples were subjected to electrophore-
sis and then immersed in alcohol and dried. To visualize the comets, DNA was
stained with SYBR green.

Comets were analyzed using the measurement tool in OpenLab software. The
lengths of the comet head and tail were recorded for at least 50 comets on two
separate slides (total cell number �100) per treatment. The ratio of tail length
to head length was calculated, and cells with a ratio of �2 were counted positive
for DNA breaks. The percentage of cells positive for DNA breaks following UV
treatment and the standard deviation for experiments done in triplicate were
calculated for each treatment.

RESULTS

The N terminus of M2 interacts with cellular DDB1/COP9/
cullin complex, ATM, and histones. To identify proteins inter-
acting with M2, 35S-labeled lysates of murine A20 B lympho-
cytes were applied to an affinity column of bacterially purified
GST-M2. A polypeptide with an apparent molecular mass of
127 kDa specifically interacted with GST-M2 fusion protein,
whereas it did not interact with GST alone (Fig. 1A). To
further characterize this cellular protein, it was analyzed by
mass spectrometry, microsequenced, and matched to known
sequences. The 127-kDa band was identified as cellular UV-
damaged DNA binding protein 1 (DDB1). Because DDB1 is
associated in a heterodimer complex with either DDB2 or CSA
(17) and because these DDB complexes exist as part of a large
complex with Roc1, COP9, SKP1, and the cullin ubiquitin E3
ligase complex (17, 57), we determined whether M2 interacted
with any or all of these proteins by performing immunopre-
cipitations. As expected, DDB1 interacted with M2 but we also
detected M2 interactions with CSN1 and SKP1 (Fig. 1B). Al-
though the cellular DDB complexes may contain cullin 4A, it
was not found complexed to M2, which bound cullin 1 (Fig.
1B). Since ATM is a key regulator to signal DNA damage (1)
and DDB complexes are associated with cellular chromatin
(17), we further tested our hypothesis that M2 might be asso-
ciated with ATM and chromatin proteins. Indeed, we found
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ATM and the phosphorylated form of ATM (p-ATM), as well
as the histone proteins H3 and H4, in the M2 complex (Fig.
1B). The majority of this complex was also detected in the
solubilized chromatin fraction (data not shown). These results
indicate that M2 protein interacts with the DDB complex and
ATM and binds to chromatin-associated proteins.

To further delineate these interactions, cells were trans-
fected with expression vectors containing 14 different GST-M2
mutants and analyzed for interaction with DDB1. We found
that most M2 mutants were able to interact with endogenous
DDB1 as efficiently as wt M2, except for the M2(�1–40) and
M2(�1–50) mutants (Fig. 1C, D, and E). Additionally, the
GST-M2(W25-Y33/A) mutant, which contained alanine substi-
tutions at residues W25, G26, D27, G28, D30, G31, and Y33,

showed a significant reduction in the interaction with an en-
dogenous DDB1 (Fig. 1C and D). Interestingly, the interaction
of M2 with ATM was similar to the interaction of M2 with
DDB1, such that the wt M2, but not M2(�1–40), effectively
interacted with endogenous ATM (Fig. 1C, bottom panel).
These results indicate that the N terminus of M2 is important
for interactions with DDB1 and ATM.

DDB1 is predominantly cytoplasmic in an unstressed cell but
is rapidly translocated to the nucleus, where it interacts with
DDB2 or CSA upon DNA damage (57). When the cellular
localization of M2 was examined, we found it primarily in the
nucleus of NIH 3T3 cells, with a low level observed in the
cytoplasm and at the plasma membrane localization. However,
M2(�1–40) was localized predominantly in the cytoplasm (Fig.

FIG. 1. M2 interacts with the DDB1/COP9/cullin complex, ATM, and histones. (A) Purification of M2-binding cellular proteins. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis analysis of proteins bound to GST-M2 fusion protein or a vector control. The arrow indicates
a unique band in the GST-M2 sample, which was identified as DDB1 by mass spectrometry. Numbers at left are molecular masses in kilodaltons.
(B) M2 interacts with DDB1/COP9/cullin complex, ATM, and histones. Equal amounts of whole-cell lysates were prepared from 3T3-V- or
3T3-AU1-tagged M2 cells and used for immunoprecipitation with the indicated antibodies, followed by immunoblotting with an anti-AU1
antibody. (C) Identification of DDB1 and ATM-interacting region in M2. (Top panel) NIH 3T3 cells were transiently transfected with GST,
GST-M2, or GST-M2 mutant expression construct. At 48 h posttransfection, cell lysates were used for GST pull-down with glutathione-Sepharose
beads. Purified proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by immunoblotting with an
anti-DDB1 antibody. Whole-cell lysates (WCL) were used to detect DDB1 and GST-M2 proteins. Lane 1, GST; lane 2, GST-M2; lane 3,
GST-M2(�1-40); lane 4, GST-M2(�34-40); lane 5, GST-M2(�20-30); lane 6, GST-M2(W25-Y33/A). (Bottom panel) 3T3-V, 3T3-M2, and 3T3-
M2(�1-40) cells were used for immunoprecipitation with an anti-ATM antibody, followed by immunoblotting with an anti-AU1 antibody to detect
M2 protein. Whole-cell lysates were used to detect ATM and M2 proteins. Lane 1, 3T3-V; lane 2, 3T3-M2; lane 3, 3T3-M2(�1-40). (D) Identi-
fication of DDB1 binding region in M2. GST fusions of M2 and its mutants were expressed in NIH 3T3 cells, and their DDB1 binding was examined
as described for panel C. (E) Schematic diagram of GST-M2 mutant constructs and summary of DDB1 binding activity of M2. (F) Nuclear
localization of DDB1 complex by M2. Shown are confocal images of 3T3 cells transiently transfected with Flag-DDB1, AU1-M2, or AU1-M2(�1-
40) individually or together. DDB1 protein is stained in green, and M2 proteins are stained in red. Nuclei were stained with Topro-3 (blue).
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1F). To test whether the interaction of M2 affects DDB1 lo-
calization, NIH 3T3 fibroblast cells were transfected with Flag-
tagged DDB1 alone or together with AU1-tagged wt M2 or
M2(�1-40) mutant. Confocal microscopy showed that DDB1
protein was present principally in the cytoplasm of unstressed
cells, whereas it was recruited to the nucleus of NIH 3T3-M2
(3T3-M2) cells (Fig. 1F). In contrast, DDB1 was present in the
cytoplasm of cells cotransfected with M2(�1-40) (Fig. 1F).
These results suggest that M2 may be capable of recruiting
DDB1 into the nucleus in the absence of DNA damage stress
and that the N-terminal region of M2 is required not only for
DDB1 interaction and nuclear recruitment but also for its own
nuclear localization.

M2 induces ATM activation and histone acetylation. Be-
cause ATM is a key signaling component following DNA dam-
age and we found ATM recruited to the M2/DDB1 complex,
we investigated whether M2 affects ATM-mediated DNA dam-
age signal transduction. Levels of phosphorylated, activated
ATM (p-ATM) were examined from lysates of untreated or
etoposide-treated 3T3-V and 3T3-M2 cells. Etoposide is a topo-
isomerase II inhibitor that generates DSBs (8) and is known to
activate ATM. Undetectable levels of p-ATM were observed in
untreated 3T3-V cells, whereas p-ATM was readily detected in
untreated 3T3-M2 cells. As expected, etoposide treatment
greatly enhanced levels in both cell types (Fig. 2A). To exam-
ine whether the p-ATM was active, equal amounts of protein
from 3T3-V and 3T3-M2 lysates were immunoprecipitated
with an anti-ATM antibody and subjected to an in vitro kinase

reaction with bacterially purified GST-p53(AD) as a substrate.
We found that ATM kinase activity was significantly higher in
3T3-M2 cells with or without etoposide treatment than in
3T3-V cells (Fig. 2B). Finally, an immunodetection assay using
an anti-phospho-(Ser/Thr) ATM antibody that specifically rec-
ognizes the p-ATM consensus substrate motif showed that
although the phosphorylation of a cellular 120-kDa protein
was weakly detected in 3T3-M2 cells before etoposide treat-
ment, phosphorylation levels were markedly increased after
etoposide treatment (Fig. 2C). Phosphorylation of 65-, 75-, and
100-kDa proteins was also detected in 3T3-M2 cells but not in
3T3-V cells after etoposide treatment (Fig. 2C). These results
indicate that M2 expression significantly increases endogenous
ATM kinase activity, which is further enhanced following
DNA damage.

Chromatin remodeling has been implicated in inducing
ATM phosphorylation and activation (4). In addition, we
found that M2 strongly interacted with histones H3 and H4
(Fig. 1B). Thus, we tested whether M2 expression affects the
level of acetylation and methylation of histones H3 and H4.
Lysates from 3T3-V and 3T3-M2 cells were untreated or
treated with etoposide and immunoblotted with anti-acetylated
specific histone H3 and H4, anti-methylated specific histone
H3 and H4, and anti-histone H3 and H4 antibodies. Acetyla-
tion of histone H3 and H4 was markedly increased in 3T3-M2
cells compared to that in 3T3-V cells before and after etopo-
side treatment (Fig. 2A). Confocal analysis of immunofluores-
cence also showed enhanced histone H4 acetylation in 3T3-M2

FIG. 2. M2 expression leads to increased ATM activation and histone acetylation. (A) M2 increases levels of activated ATM and acetylated
histones. 3T3-V and 3T3-M2 cells were treated with or without 20 �M etoposide for 30 min. Lysates were generated and immunoblotted for ATM,
phosphospecific ATM (p-ATM), AU1 (M2), H3 and H4, acetyl-specific histone H3 (Ac-H3) and H4 (Ac-H4), methyl-specific histone H3 (K36),
and PCNA. (B) M2 increases ATM kinase activity. Lysates from untreated or etoposide-treated 3T3-V and 3T3-M2 cells were immunoprecipitated
with an anti-ATM antibody. The immune complexes were subjected to an in vitro kinase reaction with bacterially purified GST-p53 protein as a
substrate followed by immunoblotting with a phosphospecific p53 antibody [p-p53(Ser15)] (top panel). The bottom panel shows the Western blot
of the GST-p53 substrate protein. (C) Immunodetection assay of phosphorylated cellular proteins by activated ATM. Equal amounts of
polypeptides from 3T3-V and 3T3-M2 cells were immunoblotted with an anti-phospho(Ser/Thr) ATM antibody that specifically reacts with the
phosphorylated ATM consensus substrate motif. The middle and bottom panels show M2 and tubulin expression levels, respectively. Arrowheads
indicate the phosphorylated cellular proteins that are potential ATM substrates. Numbers at left show molecular masses in kilodaltons.
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cells compared to acetylation levels in 3T3-V and 3T3-M2(�1–
40) cells with or without etoposide treatment (Fig. 3). In con-
trast, M2 did not appear to affect methylation of histone H3
and H4 regardless of etoposide stimulation (Fig. 2A and data
not shown). These results indicate that M2 can increase his-
tone acetylation and that this activity is dependent on the N
terminus of M2, which corresponds to the DDB1 and ATM
binding region.

Inhibition of �-H2AX and MRN focus formation by M2.
One of the earliest responses to DNA damage is the phosphor-
ylation of the histone variant H2AX by ATM and ATR, which
forms �-H2AX foci (46). Because ATM was significantly acti-

vated by M2, we examined the effect of M2 on �-H2AX focus
formation in 3T3-M2, 3T3-M2(�1–40), and 3T3-V cells
treated with etoposide. �-H2AX foci were strongly detected
in 3T3-V and 3T3-M2(�1–40) cells after etoposide treat-
ment (Fig. 4A). By striking contrast, no significant �-H2AX
foci were observed in 3T3-M2 cells regardless of etoposide
treatment (Fig. 4A).

�-H2AX focus formation in the vicinity of the DSBs triggers
the accumulation of many components involved in DNA re-
pair. NBS1, a component of the MRN complex, and 53BP1
have been identified as initial sensors of DSBs and are re-
cruited to the �-H2AX foci, leading to ATM activation (12, 16,

FIG. 3. Increased histone H4 acetylation by M2 expression. Untreated or etoposide-treated 3T3-V, 3T3-M2, and 3T3-M2(�1–40) cells were
subjected to confocal microscopy with anti-AU1 (green) and anti-acetyl histone H4 antibody (red). Nuclei were stained with Topro-3 (blue).
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22, 25, 36, 58). To assess whether M2 expression also prevents
the recruitment of DNA damage repair proteins, we deter-
mined whether phosphorylated NBS1 (p-NBS1) and 53BP1
were also recruited to foci following DNA damage. We found
�-H2AX foci in 3T3-V and 3T3-M2(�1–40) cells immediately
after UV irradiation, and the intensity and number of the foci
markedly increased concomitantly with the localization of
53BP1 and MRN foci, as detected by p-NBS (Fig. 4B and 4C).
Additionally, �-H2AX foci localized adjacent to p-NBS foci in

these cells (Fig. 4B). In striking contrast, 3T3-M2 cells showed
neither �-H2AX nor p-NBS focus formation following UV
exposure (Fig. 4B). These results demonstrate that despite
ATM kinase activation, M2 expression blocks the ability of
ATM to induce �-H2AX and 53BP1 focus formation and p-
NBS recruitment and that the ATM and DDB1 binding region
of M2 is required.

M2 inhibits DNA repair signal transduction. Because of the
surprising finding that M2-mediated ATM activation did not

FIG. 4. M2 blocks DNA repair signal transduction. (A) M2 inhibits �-H2AX focus formation induced by DSB agents. 3T3-V, 3T3-M2, and
3T3-M2(�1–40) cells were treated with or without etoposide for 30 min, fixed, permeabilized, and stained with anti-�-H2AX (green) and anti-M2
(red) antibodies. Nuclei were stained with Topro-3 (blue). Arrows indicate M2-expressing 3T3 cells. (B) M2 inhibits �-H2AX and MRN focus
formation induced by single-strand break agents. 3T3-V, 3T3-M2, and 3T3-M2(�1–40) cells were UV irradiated at 10 J/m2 and left to recover for
40 min. Cells were then fixed, permeabilized, and stained with anti-�-H2AX (green) and anti-phosphospecific NBS1 (red) antibodies. Nuclei were
stained with Topro-3 (blue). (C) M2 suppresses 53BP1 recruitment. 3T3-V, 3T3-M2, and 3T3-M2(�1–40) cells were UV irradiated at 10 J/m2 and
left to recover for 40 min. Cells were then fixed, permeabilized, and reacted with anti-�-H2AX (green) and anti-53BP1 (red) antibodies. Nuclei
were stained with Topro-3 (blue).
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lead to �-H2AX and MRN focus formation, we tested whether
M2 expression affected the levels of DNA damage and/or
repair. In situ fluorescent immunohistochemistry was per-
formed to detect the damaged DNA using an anti-UV ssDNA
antibody that specifically recognizes dipyrimidine photoprod-
ucts in single-stranded DNA upon exposure to UV light (41).
3T3-V and 3T3-M2 cells were treated with UV, fixed at various
times following damage, and stained with an anti-UV ssDNA
antibody. Immediately following UV exposure, 3T3-V and
3T3-M2 cells showed similar levels of DNA damage based on
the intensity of anti-UV ssDNA antibody reactivity (Fig. 5). No

detectable difference in the number and size of the damaged
DNA foci was detected until 5 h post-UV exposure (Fig. 5),
indicating that M2 expression did not affect the initial level of
DNA damage. However, the number and intensity of damaged
DNA foci started to decline in 3T3-V cells at 8 h post-UV
exposure and were dramatically reduced at 24 h post-UV ex-
posure, whereas the foci remained high in the 3T3-M2 cells
throughout the recovery period (Fig. 5). These results indicate
that DNA repair is significantly impaired in 3T3-M2 cells,
whereas foci decrease in 3T3-V cells over time.

To gain insight into the inhibition of DNA repair observed

FIG. 5. In situ fluorescent immunohistochemistry to detect DNA damage induced by UV irradiation. 3T3-V and 3T3-M2 cells were UV
irradiated at 2.5 J/m2 and left to recover for the indicated times. Cells were then fixed, permeabilized, and reacted with an anti-UV ssDNA antibody
(green). Nuclei were stained with Topro-3 (blue).
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in M2-expressing cells, we performed the comet assay, also
termed single cell gel electrophoresis, which is a highly sensi-
tive fluorescent microscopic method to examine DNA damage
and repair in individual cells. Stable clones of M2 or vector
control-transfected primary MEFs (MEF-M2 or MEF-V) were
treated with a high dose of UV and subjected to the comet
assay. We found that over 78% of MEF-V cells were comet tail
positive, whereas less than 5% of MEF-M2 cells were comet
tail positive under the same conditions (Fig. 6A and B). Be-
cause the major species of DNA breaks in response to UV is
dipyrimidine photoproducts, in order for cells to manifest as
comet tail positive, DNA repair mechanisms must be intact.
Our results collectively suggest that M2 expression likely
blocks DNA damage-sensing activity and thereby inhibits cel-
lular damaged DNA repair activity.

M2 inhibits DNA damage-induced apoptosis. Upon geno-
toxic stress, activated ATM initiates the repair signaling cas-
cade leading to the resolution of DSBs as well as signaling cell
cycle arrest or apoptosis (32). Because M2-induced ATM ac-
tivation did not activate the DNA repair pathway, we tested
whether it affects cell cycle control or apoptosis. 3T3-V and
3T3-M2 cells were treated with etoposide for the indicated
times, and their lysates were used for immunoblotting with a
panel of phosphospecific antibodies to analyze activation of
proteins involved in arrest and apoptosis. We observed ele-
vated levels of total p53 as well as increased levels of phospho-
p53 at Ser15 and Ser20 in response to etoposide treatment of
3T3-M2 cells. Interestingly, phospho-p53 at Ser6 levels, which
is potentially induced by casein kinase I, decreased after eto-
poside treatment in 3T3-M2 cells (Fig. 7A). Similarly, phos-
pho-Chk1 levels increased and phospho-CDC2 levels de-
creased in 3T3-M2 cells compared to 3T3-V cells (Fig. 7A).

When we looked at the effect of M2 on MDM2, p21, and
CDC2, we found that MDM2 and p21 levels were considerably
higher in 3T3-M2 cells than in 3T3-V cells (Fig. 7B). In con-
trast, total CDC2 levels were downregulated in etoposide-
treated 3T3-M2 cells, similar to the observed decrease in phos-
pho-CDC2 (Fig. 7A and B). Next, RPAs were performed to
determine the transcript levels of p53 and other cell cycle
regulatory genes including CDK1, MDM2, cyclin D1, and p21.
M2 expression did not significantly affect mRNA levels of p53,
CDK1, MDM2, and cyclin D1 regardless of etoposide treat-
ment (Fig. 7C). In addition, despite a robust increase of p21
protein level, only a slight increase of p21 transcript was de-
tected in etoposide-treated 3T3-M2 cells compared to 3T3-V
cells throughout etoposide treatment (Fig. 7C). These results
suggest that although M2-induced ATM kinase signaling did
not lead to the activation of a DNA repair pathway, it mark-
edly activated proteins involved in cell cycle arrest.

Finally, we tested the effect of M2-induced ATM activation
on the cell cycle profile and apoptosis. 3T3-V, 3T3-M2, and
3T3-M2(�1–40) cells were treated with etoposide, stained with
propidium iodide, and analyzed by fluorescence-activated cell
sorting to measure their cell cycle profile and apoptosis. High
levels (41%) of 3T3-V cells treated with etoposide had �2N
DNA content and were considered to be apoptotic, whereas
apoptosis levels were slightly reduced but still significant (28%)
in 3T3-M2(�1–40) cells. In contrast, less than 6% of 3T3-M2
cells were apoptotic following etoposide treatment, with the
majority of cells arrested in G1 (Fig. 7D). These results indi-
cate that M2 expression renders cells resistant to DNA dam-
age-induced apoptosis and M2-induced ATM activation ulti-
mately leads to a G1 cell cycle arrest.

DISCUSSION

Upon viral infection, the major defense mounted by the host
innate immune system is activation of the IFN- and apoptosis-
mediated antiviral pathway. In order to complete their life
cycle, viruses that are obligatory intracellular parasites must
modulate these host immune responses. We have previously
shown that the �HV68 latency-associated M2 protein effec-
tively downregulates STAT1 and STAT2, resulting in the in-
hibition of type I and II IFN-mediated transcriptional activa-
tion. Here, we demonstrate that M2 interacts with ATM, a

FIG. 6. M2 inhibits DNA repair signal transduction. (A) Comet tail
formation. MEF-V and MEF-M2 cells were subjected to alkaline
comet assays 30 min after treatment with or without 5,000 J/m2 UV.
DNA from individual cells was visualized by staining with SYBR green.
(B) Quantitation of alkaline comet assay. Cells were treated as in panel
A, and the head and tail lengths were measured for at least 100 cells
per treatment. The percentages of positive cells and the standard
deviations are reported for an experiment done in triplicate.

VOL. 80, 2006 DEREGULATION OF DNA DAMAGE SIGNAL TRANSDUCTION BY M2 5871



DNA damage signal transducer, and the DDB1/COP9/cullin
DNA damage effector complex. This interaction blocked DNA
damage-sensing activity as well as DNA damage repair activity,
thereby rendering cells resistant to DNA damage-induced
apoptosis. These results indicate that �HV68 encodes M2, a
latency-associated gene, to antagonize both IFN- and apopto-
sis-mediated host innate immunities and thus is important in
establishing and maintaining viral latency in infected animals.

Simian virus 5 (SV5)- and human parainfluenza virus 2
(hPIV2)-encoded V proteins induce polyubiquitination and
degradation of STAT1 and STAT2 by interacting with the
DDB1/COP9/cullin ubiquitin ligase complex (48, 49). Simi-
larly, hepatitis B virus X protein also interacts with the DDB1/
COP9/cullin complex, leading to interference with cell growth
and viability despite a lack of homology with SV5 and hPIV2 V

protein. �HV68 M2 lacks homology with SV5 and hPIV2 V
protein and yet interacts with the DDB1/COP9/cullin complex,
resulting in the ubiquitination of STAT1/2 (unpublished data)
and deregulation of DNA damage/repair signaling. Thus, while
these viral proteins do not share any recognizable sequences or
motifs, these viruses have evolved mechanisms to target the
cellular DDB1/COP9/cullin complex, which achieves diverse
effects on cellular physiology. Besides targeting of the DDB1/
COP9/cullin complex, M2 expression also leads to ATM acti-
vation. Mutational studies indicated that the N terminus of M2
was essential for binding to both the DDB1/COP9/cullin com-
plex and ATM kinase. However, it is not clear from the archi-
tecture of the M2 complex whether ATM was recruited into
the M2/DDB1/COP9/cullin complex through a direct interac-
tion with M2 or through a component of the DDB1/COP9/

FIG. 7. M2 inhibits etoposide-induced apoptosis. (A) Phosphorylation of cellular cell cycle regulatory proteins. 3T3-V and 3T3-M2 cells were
treated with 20 �M etoposide for the indicated times. Whole-cell lysates were reacted with various antibodies as indicated at the right side of the
figure. (B) M2 increases cellular cell cycle regulatory protein levels. 3T3-V and 3T3-M2 cells were treated with etoposide for the indicated time.
Whole-cell lysates were then reacted with various antibodies as indicated at the right side of the figure. (C) RNase protection assay. 3T3-V and
3T3-M2 cells were treated with etoposide for the indicated times, and their total RNA was isolated by phenol-chloroform extraction, DNase I
treated, and then subjected to RPA using the RPA kit (BD Pharmingen). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (D) Cell cycle
analysis. 3T3-V, 3T3-M2 (M2), and 3T3-M2(�1–40) cells were treated with or without 20 �M etoposide for 24 h. Cells were then stained for
chromosomal DNA with PI and analyzed by flow cytometry. Numbers indicate the percentages of cells with less than 2N DNA content,
representing apoptotic cells (Sub) and the percentages of cells in the G1 cell cycle phase (G1). Results presented are representative of three
individual experiments.
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cullin complex. Regardless of a direct or indirect interaction,
the M2/DDB1/COP9/cullin complex preferentially contained
the activated p-ATM. Our results suggest that M2 functions as
a physical or functional adaptor linking the DNA damage-
sensing pathway and the DNA repair pathway, ultimately un-
coupling both pathways from the DNA damage response.

Cellular chromatin remodeling has been implicated in in-
ducing ATM phosphorylation and activation (4). We showed
that M2 not only interacted with histones H3 and H4 but also
constitutively enhanced their acetylation in the absence of ec-
topic genotoxic stress, indicating that M2 may cause chromatin
remodeling and lead to ATM activation. However, M2-in-
duced activation of ATM did not lead to increased DNA dam-
age signaling, as observed from impaired �-H2AX and 53BP1
focus formation and lack of MRN recruitment in response to
DNA damage. Thus, enhanced acetylation of H3 and H4 by
M2 expression leads to ATM activation but downstream sig-
naling in response to ATM activation is impaired, resulting in
defective DNA damage sensing and DNA repair.

Recent reports have shown that viruses evolve a variety of
mechanisms to manipulate DNA damage signaling for their
replication and propagation (24, 28, 56). As part of the host
response to adenovirus replication, MRN plays a role in the
generation of concatemers of the double-stranded viral ge-
nome, which is too large to be packaged into virions (40). To
counteract this host response, adenovirus encodes E4, which
induces the reorganization and degradation of the MRN com-
plex, leading to deregulated genomic stability and contributing
to potential viral “hit-and-run” transformation (40). While ad-
enovirus dismantles the host machinery to evade processing of
the viral genome, HSV-1 and human cytomegalovirus activate
and exploit the cellular DNA damage response to aid their
viral replication (28, 37, 38, 45). When this cellular response is
abrogated in nonneuronal cells, however, formation of HSV-1
replication centers is retarded, and viral production is compro-
mised. In contrast, HSV-1 replication centers fail to mature in
neurons, and the DNA damage response is not initiated, sug-
gesting that the failure of neurons to mount a DNA damage
response to HSV-1 may contribute to the establishment of
latency (28). Our results raise the possibility that �HV68 M2
prevents initiation of an ATM-mediated DNA damage re-
sponse that may function in the establishment of latency and
reactivation from latency. A more detailed study is necessary to
address this question.

Upon viral infection, the major defense mounted by the host
immune system is activation of the IFN-mediated antiviral
pathway. Furthermore, infected cells also recognize virus rep-
lication as DNA damage stress and elicit a DNA damage
response, which ultimately induces apoptosis as part of host
immune surveillance (2, 5, 10, 11, 24, 37, 60). In order to
complete their life cycle, viruses must modulate host IFN- and
apoptosis-mediated immune surveillance. Inhibition of IFN-
and apoptosis-mediated innate immunity during latency is im-
portant for viral persistence in the face of immune attack,
whereas inhibition of IFN- and apoptosis-mediated innate im-
munity during lytic replication also allows viruses to complete
lytic replication for subsequent dissemination (23). The latency-
associated M2 protein is necessary for the establishment of
latency and reactivation from latency (19–21, 39). Thus, M2-
mediated inhibition of IFN and apoptosis signaling likely pro-

tects cells with latent �HV68 infection or cells undergoing
reactivation from host innate immunity, which is essential for
chronic lifelong infection. In summary, we demonstrate a novel
immune evasion mechanism of �HV68 where latency-associ-
ated M2 targets the cellular DDB1/COP9/cullin DNA repair
complex and ATM signal transducer. However, instead of ac-
tivating a downstream DNA damage and repair response, M2
uses these complexes to abrogate IFN- and apoptosis-medi-
ated innate immunity, contributing to viral latency.
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